Osteoclasts are bone resorbing, multinucleate cells that differentiate from mononuclear macrophage/monocyte-lineage hematopoietic precursor cells. Although previous studies have revealed important molecular signals, how the bone resorptive functions of such cells are controlled in vivo remains less well characterized. Here, we visualized fluorescently labeled mature osteoclasts in intact mouse bone tissues using intravital multiphoton microscopy. Within this mature population, we observed cells with distinct motility behaviors and function, with the relative proportion of static -bone resorptive (R) to moving -nonresorptive (N) varying in accordance with the pathophysiological conditions of the bone. We also found that rapid application of the osteoclast-activation factor RANKL converted many N osteoclasts to R, suggesting a novel point of action in RANKL-mediated control of mature osteoclast function. Furthermore, we showed that Th17 cells, a subset of RANKL-expressing CD4 + T cells, could induce rapid N-to-R conversion of mature osteoclasts via cell-cell contact. These findings provide new insights into the activities of mature osteoclasts in situ and identify actions of RANKL-expressing Th17 cells in inflammatory bone destruction.
Introduction
Bone is a highly dynamic organ that is continuously being remodeled by the cooperative action of osteoclasts that resorb old bone and osteoblasts that create new bone. Osteoclasts are giant polykaryons differentiated from monocyte/macrophage-lineage hematopoietic precursor cells termed osteoclast precursors. Previous studies have revealed key molecular signals, such as those mediated by M-CSF and RANKL, which regulate the differentiation of these cells (1, 2) . When cultured in the presence of M-CSF and RANKL, monocytoid cells isolated from bone marrow can successfully be differentiated into multinucleated giant cells in vitro, called osteoclast-like cells. However, the osteoclast-like cells generated in vitro often contain more than 100 nuclei (3) , and it remains unclear whether such extraordinarily large polykaryons are formed in vivo, except in some pathological conditions such as Paget disease and giant cell tumors (4, 5) . Furthermore, how the activity of multinucleate osteoclasts is controlled in vivo once they form remains largely unexplored. To address these issues and advance our understanding of this critical cell population with respect to bone homeostasis and osteopathology, we utilized intravital multiphoton microscopy (6) (7) (8) .
Fully differentiated osteoclasts can adhere to bone surfaces and tightly seal the attachment areas with a characteristic membrane structure referred to as the "ruffled border" (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI65054DS1). A large number of vacuolar H + -ATPases (V-type H + -ATPases) are expressed along the ruffled border membrane in mature osteoclasts; these enzymes are responsible for secreting extraordinarily high numbers of protons, leading to acid resorption of the hard bone minerals (9, 10) . V -type H + -ATPase consists of multiple subunits, and each subunit has several isoforms; among them the a3 isoform of the a subunit is abundantly expressed in osteoclasts and is thus suitable as a marker for identifying mature osteoclasts (Supplemental Figure 1B and refs. 11, 12) . In this study, by exploiting fluorescent reporter mice where GFP is expressed under the promoter of V-type H + -ATPase a3 subunit (a3-GFP mice), we have succeeded in visualizing fluorescently labeled mature osteoclasts in live bones using intravital multiphoton microscopy. Based on such imaging, we have identified 2 different populations of mature osteoclasts in situ, corresponding with the static -bone resorptive (R) and moving -nonresorptive (N) fractions, with the transition between these states critically controlled by RANKL and showing a strong correlation to the state of cell motility. Our findings also revealed that RANKL-expressing Th17 regulates the status of mature osteoclasts by direct cell-cell contact, identifying what we believe is a novel mechanism of Th17-mediated inflammatory bone destruction.
Results
To label mature osteoclasts fluorescently, we modified the mouse Tcirg1 locus, encoding the V-type H + -ATPase a3 subunit, to produce a GFP fusion protein. Embryonic stem cell-mediated gene targeting was used to generate mice in which an a3 subunit-GFP fusion protein is expressed under the original promoter of the a3 subunit (a3-GFP mice) (13) . Using bone tissue sections from these mice, we confirmed that tartrate-resistant acid phosphatase-positive (TRAPpositive) mature osteoclasts express GFP (Supplemental Figure 1C) . the final time frame (t = 10) (C), and overlapping at the initial and final points (B) ( Figure 1D and Supplemental Figure 2) . A cell deformation index (CDI) was calculated as the ratio (A + C)/(A + B). If the cells were moving vigorously, the area of overlap at the 2 time points (B area) would be small, leading to a higher CDI ( Figure 1E ), whereas in osteoclasts showing less movement, almost all the area would overlap at the 2 time points, area B would be larger, and the CDI would be lower ( Figure 1F ).
Because GFP is expressed as a fusion protein with the a3 subunit, GFP fluorescence not only serves as a marker for mature osteoclasts, but it may also provide information on the subcellular distribution of V-type H + -ATPase in mature osteoclasts if sufficient spatial resolution could be achieved. Because the a3 subunit is an indispensable constituent of the V-type H + -ATPase pump, connecting transmembrane (V0) and intracellular (V1) portions (14) , and is well documented as being involved in H + secretion in osteoclasts as well as in other macrophage-lineage cell types (11, 12, 15) , it is reasonable to assume that the subcellular distribution of this molecule reflects the functional state of this H + pump.
In the 2 polar examples shown in Figure 1 , B and C, the different distributions of GFP-V -type H + -ATPase are obvious. Static osteoclasts had the ATPase distributed along the sealing zone membranes ( Figure 1A ), suggesting that they were actively engaged in bone resorption. On the other hand, in osteoclasts undergoing amoeboid movement, the V -type H + -ATPases seemed to be distributed diffusely in the cytoplasm ( Figure 1A ), suggesting these cells would be ineffective at resorption at this moment. Although the distributional changes of GFP-V -type H + -ATPases were not necessarily obvious in all osteoclasts imaged due to the limited spatiotemporal resolution of intravital multiphoton bone imaging, it is reasonable from these considerations to consider mobility to be associated with function, i.e., static and moving osteoclasts were resorptive and nonresorptive, respectively. During extended imaging (∼40 minutes), some cells changed their CDIs from lower to higher or vice versa ( Figure 1G ), whereas others remained in a similar CDI state ( Figure 1G ). These data imply that osteoclasts change their functional activity over time in concert with changes in their motility.
A histogram of CDIs calculated from imaging more than 250 different mature osteoclasts revealed a broad distribution with a wide peak from 0.16 to 0.24 CDI ( Figure 1H ). Previous reports implied the existence of distinct subsets of mature osteoclasts in terms of their resorptive activity (16) . Our imaging data based on tracking a functional reporter (V-type H + -ATPase) agree with this previous report and characterize these different populations of By performing intravital multiphoton microscopy of calvaria in a3-GFP knockin mice, we could visualize live mature osteoclasts on the endosteum ( Figure 1A and Supplemental Video 1). This live imaging identified a population of large multinuclear GFP + osteoclasts on the bone surface that showed substantial heterogeneity in terms of their amoeboid movements, including populations at the ends of a distribution of motilities that we could label as "moving" ( Figure 1B ) and "relatively static" ( Figure 1C ). These designations were derived from a quantitative analysis of osteoclast movement on the bone surface based on new image analysis software we developed for tracking the time-dependent morphological changes of these cells (Figure 1 , D-F, Supplemental Figure 2 , and Supplemental Video 2). Cell shapes were automatically recognized by the image analysis software before and after a certain period of time (10 minutes) (Supplemental Figure 2 and Supplemental Video 2), and 3 distinct areas were defined: occupied only in the initial time frame (t = 0) (A), occupied only in Figure 3A ). BAp-E, a boron-dipyrromethene-based (BODIPYbased) H + -sensing fluorescent probe (pKa ∼ 6.2) was conjugated with alendronate, a bisphosphonate, to promote adherence to bone surfaces. The probe coats the bone surface once administered, and green fluorescent signals are detected along the bone surface when mature osteoclasts secrete H + for bone resorption and the local pH is decreased. The fluorescence quantum yield (Φ) at pH 7.5 was 0.039, and the Φ at pH 6.0 was 0.29 (the pKa of the fluorescence of the probe was 6.2). Thus, an approximately 7.4-fold increase in fluorescence can be observed for pH changes of this extent (21) . We administered this probe to mice in which tdTomato, a red fluorescent protein, is expressed under the promoter of TRAP, a well-known marker for mature osteoclasts (Supplemental Figure 3B ). We observed large TRAP-positive (tdTomato) cells on the bone surface, representing mature osteoclasts ( Figure 3 , A and C, and Supplemental Video 5). Again, we detected 2 different types of labeled osteoclasts in terms of motility, moving ( Figure 3A ), and static ( Figure 3A) . Consistent with the data presented above using the GFP-V -type H + -ATPase-marked cells, green fluorescent signals from the H + probes ( Figure 3B ) overlapped with static but not moving osteoclasts ( Figure 3 , C and D), supporting the idea that former cells are secreting protons actively and resorbing bone tissues when observed in vivo. We also noticed that there were green dots representing low pH that did not overlap with red osteoclasts ( Figure 3C ). We think these signals may represent areas previously undergoing active resorption by mature osteoclasts but not covered by osteoclasts at the time of imaging. This interpretation is consistent with in vitro data showing that pitted areas on the bone surface are not always colocalized with osteoclasts (22) .
Using these new imaging tools, we next examined the short-term effect of RANKL on the function of mature osteoclasts (Figure 4) . Interestingly, less than 10 minutes after i.v. injection of recombinant GST-RANKL, we found that many moving osteoclasts became static cells, suggesting an N-to-R transition without any change in the total number of mature osteoclasts ( Figure 4 , B and C, and Supplemental Video 6). Because this time course was much faster than that believed required for differentiation or maturation of new osteoclasts in the presence of RANKL, these data indicate that RANKL may have the unexpected property of converting existing mature N into mature R osteoclasts. This concept is compatible with previous literature describing a prompt increase (within 1 hour) in the level of ionized calcium in blood in RANKL-treated mice (23) . A lower dose of RANKL mature osteoclasts as (a) R, (b) N, and (c) intermediate, presumably corresponding to cells actively undergoing a change in state on the bone surface in vivo.
Pretreatment of mice with recombinant RANKL stimulates osteoclastogenesis and reduces bone tissue density (17, 18) . In animals treated with this cytokine for 2 days, the total number of mature osteoclasts was increased ( Figure 2A and Supplemental Video 3). The CDI histogram showed a left-shifted distribution generally corresponding to the lower end of the motility distribution for cells analyzed under control conditions ( Figure 2B ), representing an increase in the R population. This interpretation was further supported by the observation that almost all the static osteoclasts showed cell surface expression of GFP-H + -ATPases in that condition (Figure 2A ). On the other hand, application of risedronate, a bisphosphonate (19, 20) used therapeutically to block bone resorption, reduced the total number of mature osteoclasts tightly attached to the bone surface, with many of the remaining cells showing cytoplasmic GFP expression ( Figure 2C , and Supplemental Video 4) and with a CDI distribution skewed to the right ( Figure 2D ), representing an increase in the N population. Statistical analyses demonstrated that treatment with RANKL or RANKL plus bisphosphonate each changed both the total number ( Figure 2E ) and also significantly altered the CDI distribution ( Figure 2F ) of mature osteoclasts in vivo. In summary, intravital imaging of mature osteoclasts accompanied with quantitative analyses with CDI enabled us to visualize the functional states as well as the number of mature bone-resorbing osteoclasts in vivo.
To further analyze the different populations of mature osteoclasts, we also generated a chemical fluorescent probe detecting bone resorption at local sites on the bone surface (Supplemental Osteoclastogenic RANKL is mainly supplied from osteoblasts, osteocytes, and/or stromal cells in bone marrow, although RANKL has also been reported to be expressed by diverse immune cell types such as T lymphocytes (24, 25) . Among several T cell subtypes, CD4 + Th17 cells, which are associated with autoimmune disorders including rheumatoid arthritis, have been reported to express RANKL on the cell surface (26) . However, the in vivo function of RANKL on Th17 is not clear because the expressed RANKL exhibited little ability to induce osteoclastogenesis in vitro. We therefore looked for a possible physical and functional relationship between RANKL-bearing Th17 cells and mature osteoclasts in vivo by visualizing these cells simultaneously in intact bones ( Figure 5A ). Polyclonal Th17 and Th1 cells (0.1 mg/kg), which is not sufficient for promoting osteoclastogenesis in vivo (not shown), could also efficiently convert N into R states in vivo ( Figure 4D) , suggesting that the level of RANKL required for N-to-R conversion may be lower than that necessary for inducing differentiation or maturation during osteoclastogenesis, with intriguing implications for control of bone state. In these experiments, unlike the cases with long exposure with RANKL (in Figure 2A) , we could not observe the differences in subcellular distribution of V -type H + -ATPases shown in Figure 1 , B and C, suggesting that it may take a substantial (more than 10 to 20 minutes) period for relocalization of these proteins to support highly active bone resorption. We determined that i.v. injection of GST did not significantly change the average cell motility for up to 40 minutes ( Figure 4D ).
Figure 3
Visualization of bone-resorptive function of mature osteoclasts by using H + -sensing fluorescent probe. (A-C) Representative images from intravital multiphoton imaging of mouse bone tissues of heterozygous TRAP-tdTomato transgenic mice treated with BAp-E, an H + probe detecting sites of local bone resorption (Supplemental Video 5). Mature osteoclasts expressing TRAP-tdTomato signals (A), green fluorescent signals from high H + concentration (B), and merged images (C). Green fluorescent signals from the H + probes overlapped with static (low CDI, arrowheads) but not moving (high CDI, asterisk) osteoclasts, suggesting that former cells are secreting protons actively and resorbing bone tissues when observed in vivo. Some green fluorescent signal (C, arrow) could also be detected along the bone surfaces near to static osteoclasts. Given the rate of transition from static to motile behavior of the osteoclasts, these areas are likely to be those undergoing resorption by previously static cells shortly before obtaining the image and characterizing the osteoclasts at motile. Scale bars: 40 μm. (D) The H + secretion index of mature osteoclasts. The H + secretion index was defined as the ratio of the number of osteoclasts overlapping with green fluorescent acid pH signals divided by the total number of osteoclasts of the indicated type that were imaged (n = 3, from 3 independent experiments). results reveal a new function of RANKL-expressing Th17, namely stimulation of bone resorption by converting nonresorbing to resorbing mature osteoclasts on the bone surface in situ.
Discussion
Bone tissue sectioning accompanied with conventional histomorphometric analyses has been the major methodology employed to date for studying bone resorption and osteoclast function in vivo (30) and has provided substantial insight into functional aspects of bone physiology. Here we applied 2-photon microscopy to attain previously unavailable insight into the in vivo dynamic behavior of osteoclasts on the bone surface, detailing for what we believe is the first time how osteoclast movement and resorptive function are related as well as how this activity is modulated by cytokines, immune cells, and pharmacologic agents. Our imaging studies have revealed that osteoclasts on the bone surface show substantial heterogeneity in motility and rapid transitions in this motility in conjunction with alternation in their functional states. RANKL administration or direct interaction with RANKL-bearing Th17 cell appears to stimulate local bone resorption by dynamically modulating the linked changes in migratory status and function of osteoclasts within a short period (10∼20 minutes).
While it provides information on osteoclast behavior and activity in situ, data from this method must be compared with caution to results derived from other techniques. Previous studies using conventional bone histomorphometry showed that bisphosphonate treatment stimulates osteoclast formation in mice (31) , findings that are in seeming conflict with the present results shown in Figure 2C . Our own studies using bone sectioning with TRAP staining to examine the effect of risedronate in a3-GFP mice have also shown that the total number of mature osteoclasts slightly increased, compared with control conditions (not shown). Moreover, we could find some larger a3-GFP + TRAP + double-positive osteoclasts in treated mice, in accord with previous results demonstrating an increase in giant osteoclasts in bisphosphonate-treated bone specimens (31) . Multiphoton imaging, as we use it here, provides 2D scanning on the bone were differentiated in vitro using appropriate sets of cytokines and neutralizing antibodies (ref. 26 and Supplemental Figure 4 ), stained with cell-permeable fluorescent dyes, CMTPX (red) and CMF 2 HC (blue), respectively, and then adoptively transferred i.v. into a3-GFP mice shortly before imaging ( Figure 5 , A and B, and Supplemental Video 7). Th17, but not Th1, preferentially adhered to mature osteoclasts ( Figure 5 , C and D) under these conditions, even though both Th cells migrated into bone marrow cavity to the same extent (Supplemental Figure 5A) . Pretreatment of Th17 with anti-RANKL neutralizing antibody (27, 28) or osteoprotegerin (OPG), a decoy receptor for RANKL (29) , reduced association of these T cells with the osteoclasts (Figure 5 , E and F, Supplemental Figure 6 , and Supplemental Video 8), whereas we observed no effect of anti-RANKL on the mobility of Th1 cells (Supplemental Figure 7) . These results suggest that the interaction between Th17 and osteoclast is at least partly dependent on RANKL expressed on the surface of Th17, although we cannot exclude the possibility that additional molecules may play a role in this colocalization. Moreover, we found that mature osteoclasts adherent to Th17 were R, as compared with nonconjugated cells ( Figure 6 , A and C), and that N osteoclasts were converted to static ones shortly after conjugation with Th17 ( Figure 6 , D-F, and Supplemental Video 9).
We further examined the role of Th17 in osteoclastic bone resorption using the pH probe (BAp-E) to detect local pH changes in vivo (Figure 3) . Either Th17 or Th1 cells were labeled with CMTPX (red) and then transferred to the mice pretreated with BAp-E. Th17 cells seemed to be closely adjacent to green signals from BAp-E representing acidic areas ( Figure 6G ), whereas Th1 cells were not present in proximity to these indicator signals ( Figure 6G ). Figure 6H shows the ratio of the number of Th1 or Th17 cells close to the low pH signals divided by the total number of Th1 or Th17 cells in visual fields. These data indicate a preferential association between the location of Th17 T cells and sites of pH drop and support our concept that Th17, but not Th1, mediates bone-resorptive acid secretion from mature osteoclasts at local sites of T cell-osteoclast contact. Taken together, these and it appears that the amount expressed on Th17 is indeed sufficient for this effect. There have been a series of reports indicating a critical contribution of Th17 in bone-resorptive inflammatory diseases, such as rheumatoid arthritis, although the molecular mechanism by which these T cells contribute to pathogenesis has been unresolved (33, 34) . Th17 accumulation in synovial fluid (35) may contribute to arthritic bone erosion partly by stimulating mature osteoclasts in such a manner. Overall, our findings clearly demonstrate an unanticipated cycling of mature osteoclasts between active, bone-resorptive and static, inactive states as well as key molecular and cellular players involved in changing the relative proportion of the 2 osteoclast types at the bone surface. This resorption switching on the bone surface in situ may represent an interesting therapeutic target.
Methods
Mice. The generation of the V-type H + ATPase a3 subunit-GFP fusion knockin mice was described previously (13) . For the generation of the TRAP promoter-tdTomato transgenic mice, tdTomato cDNA (Clontech) was inserted into an pL451 vector containing an Frt-PGK-promoter-Neo-Frt cassette. Recombination protocol was carried out as described (36) . Briefly, forward primer (5′-TAGTGCCTGAGTTTATAGGCATGCACCGTGAGA-CCAGGCTCAGCGGGCTAGTCTTTCTTTGCTTGGACCAGGGTCTC-GCTCTCTGTCCTCACCAGAGACTCTGAACTCCCTCTCTTCCT-CACAGATGGTGAGCAAGGGCGAGGAGGTCA-3′) and reverse primer (5′-CATTGGGGACCCCTCCCCAGTCGCCCACAGCCA-CAAATCTCAGGGTGGGAGTGGGGGCTGTACCGTGGGTCAGsurface in a focal plane, whereas the bone surface is represented by 1D "lines" along the bone trabeculae in classical histomorphometrical analyses. Cell shapes and the appearance of mature osteoclasts in these 2 analysis systems are quite different. Perhaps of greatest importance is that the present imaging method specifically detects only those osteoclasts tightly adherent to the bone surface and not cells that may be near this surface but not firmly bound. The majority of mature osteoclasts in bisphosphonate-treated mice may be slightly detached from the surface (32) and thus not quantified in our imaging. These considerations suggest a cautious approach to interpretation of all imaging data; in the present case, the method is best suited to the dynamic and functional analysis of strongly bone adherent osteoclasts and not all such cells in the marrow, and our interpretations are based on this adherent subpopulation.
RANKL is generally considered to be a critical factor in the terminal differentiation of osteoclasts. Here, we show RANKL also plays roles in regulating the bone-resorptive function of fully differentiated "mature" osteoclasts (Supplemental Figure 8) . This finding is consistent with maintenance of expression of RANK, a receptor for RANKL, on mature osteoclasts. This contrasts with expression of CSF1R or CX 3 CR1, which is necessary for differentiation or positioning of osteoclasts and their precursors, but becomes dispensable in the late phase of osteoclastogenesis and which is downregulated after maturation. Importantly, this newly identified effect of RANKL is seen with a lower amount of RANKL than that required for stimulating de novo osteoclastogenesis,
Figure 6
Regulation of mature osteoclast function by RANKL expressed on Th17. (A) Mature osteoclasts (green/red/yellow) either alone or in conjugate with Th17 (magenta); corresponding CDIs were determined (see details in Figure 1D beads FlowComp Mouse CD4 + Isolation Kit (Life Technologies). The purity of the CD4 + T cells was greater than 95%. These CD4 + T cells were cultured with a plate-bound 1 μg/ml anti-CD3 mAb (Biolegend) and 1 μg/ml anti-CD28 mAb (Biolegend) and differentiated into Th1 or Th17 cells, in the presence of 10 μg/ml anti-IL-4 mAb (R&D) and 10 ng/ml IL-12 (PeproTech), or 10 μg/ml anti-IFN-γ mAb (R&D), 10 μg/ml anti-IL-4 mAb, and 10 ng/ml IL-23 (R&D), respectively. After incubation for 3 days, cells were collected and checked for differentiation into Th1 or Th17, by using flow cytometry and RT-PCR. In vitro differentiated Th1 or Th17 cells were labeled with CMF2HC (50 μM; Life Technologies) and CMTPX (15 μM; Life Technologies), respectively. In some experiments, Th1 or Th17 cells were incubated with 1 μg/ml anti-mouse RANKL neutralizing mAb (Oriental Yeast), OPG (R&D), or rat IgG2a, κ isotype control antibody (BD Biosciences -Pharmingen) at 4°C for 15 minutes and labeled with CMTPX (15 μM) or CMF2HC (50 μM). After labeling, each cell was transferred to a3-GFP mice. Two hours, later mouse skull bone tissues were observed by using intravital multiphoton microscopy, as previously described.
Immunohistochemistry. Immunohistological analyses were performed as described previously (7). Fluorescence-based staining for TRAP with ELF97 substrate (Life Technologies) was used with some modifications.
Quantitative real-time PCR. Quantitative real-time PCR was performed with Thermal Cycler Dice Real Time System TP800 (Takara) using the following specific primer pairs: Rorγt (5′-GCCGCGGAGCAGACACACTT-3′ and 5′-GCTGCAGCCCAAGGCTCGAA-3′), RANKL (5′-GTACCTGC-GCAGCTCGGAGG-3′ and 5′-GCCTCAGGCTTGCCTCGCTG-3′), and GAPDH (5′-ACCACAGTCCATGCCATCAC-3′ and 5′-TCCACCACCCT-GTTGCTGTA-3′).
Flow cytometry. All reagents were purchased from BD. To examine the existence of transferred Th1 and Th17 cells in spleen and bone marrow of a3-GFP mice, splenocytes and bone marrow cells were collected from the mice after taking images. To confirm the cell-surface expression of RANKL on T cells, in vitro differentiated Th1 and Th17 cells were first incubated with anti-mouse CD16/32 antibody (eBioscience) to block nonspecific binding, followed by incubation with either PE-conjugated rat anti-mouse RANKL antibody (BD Pharmingen) or PE-conjugated rat IgG2a, κ isotype control (BioLegend). Flow cytometric data were collected on a FACSCanto II (BD) and analyzed with FlowJo software (Tree Star).
Statistics. The Mann-Whitney rank sum test was used to calculate P values for highly skewed distributions. For Gaussian-like distributions, 2-tailed t tests were used. Data represent mean ± SEM unless otherwise specified. P < 0.05 was considered significant.
Study approval. All animal experiments were performed according to institutional animal experimental guidelines under approved protocols from the Animal Experimental Committee of Osaka University and the National Institute of Allergy and Infectious Diseases (NIAID) Institutional Animal Care and Use Committee.
